Aims The aim of this study was to explore the range of pulmonary artery systolic pressure (PASP) at rest and with exercise in healthy individuals of various ages, as most studies assumed PASP . 35 mmHg with exercise as the upper limits of normal. Methods and results Seventy healthy volunteers, with a good continuous wave Doppler tricuspid regurgitation signal at rest, underwent quantitative Doppler echocardiographic measurements at rest and during semi-supine exercise test. Pulmonary artery systolic pressure was estimated at rest, at low level (25 W), and at peak exercise using four times tricuspid valve regurgitation velocity squared adding a right atrial pressure of 5 mmHg. During exercise, PASP increased from rest (27 + 4 mmHg) to peak (51 + 9 mmHg). None of the individuals reached a PASP 60 mmHg at 25 W. Pulmonary artery systolic pressure at peak was higher in individuals 60 years old compared with those from 20 to 59 years old (56 + 9 vs. 49 + 7 mmHg, P ¼ 0.02). Pulmonary artery systolic pressure at peak exercise 60 mmHg was found in 36% of the individuals aged from 60 to 70 and in 50% after 70. Age, LV mass, and PASP at rest were independent predictors of PASP at peak exercise. Conclusion Pulmonary artery systolic pressure at peak exercise can reach values 60 mmHg in many healthy individuals older than 60 with good exercise capacity. However, high levels of PASP . 60 mmHg for low level of exercise should be considered abnormal.
Introduction
Pulmonary arterial hypertension (PAH) is known to reduce exercise capacity by decreasing right ventricular performance, pulmonary blood flow, and oxygen delivery to peripheral musculature during exercise. Pulmonary arterial hypertension also worsens the prognosis of heart failure or valvular diseases. [1] [2] [3] Although right heart catheterization classically remains the gold standard for measurements of pulmonary artery systolic pressure (PASP), non-invasive Doppler quantification of tricuspid regurgitation peak velocity has emerged as a reliable and commonly employed tool to assess PASP at rest and with exercise. 4, 5 Some studies assumed that PASP at rest increases with ageing and mildly increases during exercise in normal subjects, 6 reaching a value of 35 or 40 mmHg at exercise. [6] [7] [8] [9] However, most of those studies were based on evaluation of healthy young volunteers. Although ACC/HA guidelines tend to recommend intervention in asymptomatic patients with mitral valve disease and PAH, defined as PASP . 50 mmHg at rest or .60 mmHg with exercise, 10 no data are available concerning the cut-off value defining abnormal PASP response in subjects of various age. Therefore, we sought to non-invasively assess physiological PASP response to exercise in healthy individuals of various ages, using semisupine exercise echocardiography.
Methods

Study population
Seventy-nine healthy volunteers underwent quantitative Doppler echocardiographic measurements at rest and during the semi-supine exercise test. Seven volunteers (9%) were initially excluded because of poor continuous wave Doppler tricuspid regurgitation signal at rest and two patients (4%) with inadequate tricuspid regurgitation signal during exercise, despite a good signal at rest. Other exclusion criteria were a history of hypertension, diabetes, more than trivial valvular regurgitation and any cardiovascular or pulmonary disease, abnormal findings on ECG, chest-X radiography, or two-dimensional echocardiography.
Two-dimensional echocardiography measurements at rest
Echocardiographic examinations were performed using a commercially available ultrasound machine (Philips Ie 33, Andover, MA, USA). All echocardiographic and Doppler data were obtained in digital format and stored for offline analysis. All measurements were made at rest and in semi-supine position, few minutes before the beginning of the exercise testing. Standard twodimensional measurements [left ventricular (LV) diastolic and systolic diameters, interventricular septum and posterior wall thickness, and left ventricular outflow tract diameter] were obtained in the parasternal long-axis view with the patient in the left lateral position. Left ventricular mass was calculated according to the ASE recommendations. Left ventricular end-diastolic and end-systolic volumes (EDV and ESV) were obtained in the apical four-chambers; LV ejection fraction (EF) was calculated using the Simpson biplane method. Stroke volume (SV) was calculated as LVEDV 2 LVESV. Cardiac output (CO) was calculated as the product of the forward SV and heart rate (HR). 11 Resting LV diastolic function was assessed by E-and A-wave velocities, the deceleration time of the E-wave, and the E/A ratio, from the mitral inflow. Early diastolic pulsedwave tissue Doppler annular velocity (E 0 ) at rest was measured at the septal and lateral side of the annulus and averaged to calculate E/E 0 ratio. Tricuspid valve regurgitation velocity (TRV) and right ventricular outflow tract time-velocity integral (RVOT Tvi) were measured. Pulmonary artery systolic pressure was estimated at rest and during exercise using the simplified Bernoulli equation ( 4TRV 2 ) adding an assumed right atrial pressure (RAP) of 5 mmHg. Pulmonary vascular resistance was estimated using TRV divided by RVOT Tvi. 12 
Exercise test
The subjects underwent a bicycle exercise test in the semi-supine (458) position on a tilting exercise table, keeping the legs at the seat level. The same position was maintained through all the examination period to minimize the influence on the venous return. After an initial workload of 25 W maintained for 3 min, the workload was increased every 2 min by 25 W. Blood pressure and a 12-lead electrocardiogram were recorded every 2 min. The following measurements were done with two-dimensional and Doppler echocardiography during semi-supine exercise test, at the first workload step, at peak, and at recuperation: maximal TRV, LVEDV, and LVESV. Pulmonary artery systolic pressure was estimated at rest, at low level of exercise (25 W), and at peak exercise. Ejection fraction, SV, and CO were also calculated at peak exercise as previously described at rest. 11 All echocardiographic measurements were done by the same echocardiographer, reviewed by a second one. Inter-observer variability was 3% and 5.2% for PASP at rest and PASP at peak exercise, respectively.
Statistical analysis
Data for study population and echocardiographic measurements (linear and volume) are presented as mean + SD. Echocardiographic measurements at rest and during exercise were compared based on Student's t-tests. The relationship between clinical and echographic parameters and PASP at peak exercise or exercise-induced increase in PASP were analysed by Pearson's correlation coefficients. To identify independent predictors of PASP at peak exercise or exercise-induced increase in PASP, all the variables that correlated with a P-value of ,0.05 in univariate analysis were entered in a multiple linear regression analysis. A value of P , 0.05 was considered significant.
Results
Rest data
We included 70 healthy volunteers, 36 women and 34 men (mean age 48 + 16), with at least 10 individuals in each range of age (20-30, 30-40, 40-50, 50-60, 60-70, and 70-80). Subject characteristics are outlined in Table 1 . The mean BMI is 24.6 + 4.2 kg/m 2 . There was no significant difference in LV measurements, EF, and CO between age subgroups. No significant correlation was found between resting PASP and E/E 0 at rest (r ¼ 0.12, P ¼ 0.38). None of the patients had a TVR/RVOT Tvi .0.2 m/s/cm at rest.
Exercise data
Maximum exercise capacity was 152 + 47 W (ranging from 75 to 250 W). None of the individuals had exercised-induced myocardial ischemia nor more than trivial mitral regurgitation. All measures [HR, systolic blood pressure (SBP), diastolic blood pressure, TRV, PASP, EF, and CO] increased with increasing workload. Pulmonary artery systolic pressure increased from 27 + 4 mmHg at rest to 34 + 6 mmHg at 25 W and finally to 51 + 9 mmHg at peak exercise ( Table 2 and Figure 1 ). From rest to peak exercise, SBP increased of 47 + 21%, EF increased of 13 + 10%, and CO of 21 + 30%. None of the healthy individuals of our series reached a PASP 60 mmHg at the first step (25 W). Pulmonary artery systolic pressure increased for each age subgroup reaching a maximal value at peak exercise of 58 + 7 mmHg for individuals older than 70 years ( Figure 1) . Pulmonary artery systolic pressure reached a higher value in individuals older than 60 than in individuals aged from 20 to 59 (56 + 9 vs. 49 + 7 mmHg, P ¼ 0.02). Peak-exercise PASP 60 mmHg was found in 36% of the individuals between 60 and 70 years old and 50% of those older than 70. Individuals older than 60 with peak-exercise PASP 60 mmHg exercised up to 142 + 51 W.
Determinants of exercise capacity
On univariate analysis, age, SBP, and HR at peak exercise, LV mass, right and left ventricular end-diastolic diameters, left atrial surface, A-wave velocity, E/A at rest, and exercise-induced increase in PASP correlated positively with exercise capacity. Left ventricular EF correlated negatively with exercise capacity (Table 3) . Exercise capacity was significantly lower in women than in male (123 + 25 vs. 182 + 47 W, P ¼ 0.0001). On multivariate analysis, LV mass at rest and E/A were independent predictors of exercise capacity ( Table 4) .
Determinants of pulmonary artery systolic pressure at peak exercise On univariate analysis, age, BMI, LV mass, systolic and diastolic BP at peak exercise, left atrial surface, E-wave deceleration time, E 0 , E/E 0 , and PASP at rest correlated positively with PASP at peak exercise ( Table 5) . Pulmonary artery systolic pressure at peak was significantly lower in women than in male (50 + 9 vs. 54 + 8 mmHg, P ¼ 0.049). On multivariate analysis, age, LV mass, and PASP at rest were independent predictors of PASP at peak exercise. ( Table 4) .
Determinants of exercise-induced pulmonary artery systolic pressure increase
On univariate analysis, age, BMI, LV mass, systolic and diastolic BP at peak exercise, LV end-diastolic diameter, left atrial surface, E-wave deceleration time, E 0 , and E/E 0 at rest correlated with exercise-induced PASP increase ( Table 6) . On multivariate analysis, LV mass was an independent predictor of exercise-induced PASP increase and age tended towards significance (P ¼ 0.06) ( Table 4) .
Discussion
This study describes the variation of PASP during exercise in healthy subjects. We found that PASP at peak exercise can reach values 60 mmHg in many healthy individuals older than 60. Cut-off values to define abnormal exerciseinduced pulmonary hypertension should probably take into account the level of exercise, the gender, and the age of the patient.
Increase in pulmonary artery pressure in the elderly Previous invasive studies described mild increases in pulmonary pressure with exercise in the normal population. 13 Bossone et al. 6 confirmed recently these data on a particularly young healthy population of adult men (mean age 18.9 + 0.9). In our study that included healthy men and women of various ages, we showed that PASP at peak exercise could reach values 60 mmHg in many healthy individuals older than 60. Indeed, age is known to be a major determinant of PASP at rest. In a large database study, 14 PASP increased linearly with age. Dokainish et al. 15 showed that PASP 40 mmHg in the elderly could be considered normal. With increasing age, there is a decrease in the pulmonary blood flow, an increase in the mean pulmonary pressure, and an increase in pulmonary resistance, presumed related to reduced compliance of the pulmonary bed. As prior studies found that pulmonary vascular resistance does not rise with exercise and may even decline, 16 exercise-induced PAH in the elderly could mostly result from an increase in left atrial pressure. High levels of left atrial pressure are frequent in the elderly as LV stiffness is increased, leading to frequent diastolic dysfunction. 17 These data are supported by our results as we identified LV mass, left atrial surface, Doppler indices of diastolic dysfunction, and blood pressure as determinants of exercise capacity, peak-exercise PASP, and increase in PASP with exercise. Similar findings were recently reported by Ha et al. 18 on a series of patients with diastolic dysfunction and preserved EF.
Abnormal increase in pulmonary artery systolic pressure with exercise
Measurement of PASP during exercise is used for the evaluation of severity of mitral valve disease with a cut-off value of 60 mmHg. Intervention is recommended in asymptomatic patients with mitral valve disease and PAH defined as PASP . 50 mmHg at rest or .60 mmHg with exercise (ACC/AHA Class I for mitral stenosis and Class IIa for mitral regurgitation). 10 As we reported peak-exercise PASP can reach values 60 mmHg in healthy individuals, the cut-off value of 60 mmHg during exercise seems unsuitable for the diagnosis of pulmonary hypertension in patients with valvular disease. As suggested by Bossone et al., 6 one should integrate workload and age with PASP response to determine if an increase in PASP is a pathologic phenomenon or within the range of normal physiologic response. Thus, in our study, none of the healthy individuals reached a PASP of 60 mmHg at first step of exercise (25 W). On the other hand, many older individuals reached such high levels of PASP for a significant workload of 142 + 51 W. Indeed, pulmonary hypertension could be defined as a high level of PASP for a low level of exercise in a relatively young patient. Ha et al. 18 recently proposed a value of 50 mmHg for a workload of 50 W to define pulmonary hypertension at exercise. Recently, Tolle et al. 19 suggested that pulmonary vascoconstriction could happen lately during incremental exercise in normal subjects. This could potentially explain why PASP remained relatively low at first step and then increased significantly in the last part of the exercise testing in our series.
Study limitations
We did not perform invasive measurement of PASP at rest and during exercise to compare with our echocardiographic data. Although the assessment of PASP by Doppler echocardiography is reliable at rest, 20 the accuracy of this method is not fully established during exercise. Indeed, we have used a constant value of RAP of 5 mmHg, which could lead during exercise to an underestimation of the real RAP and PASP. This value of assumed RAP is consistent with previous known measured value at rest in healthy individuals. The estimated value of RAP used in previous study 6 ,18 was 10 mmHg. Using this value of 10 mmHg, peak-exercise Table 2 Level of pulmonary artery systolic pressure at rest, at first workload step (25 W), at peak exercise, and peak exercise-induced increase in pulmonary artery systolic pressure within each range of age PASP 60 mmHg was found, in the current study, in 81% of the individuals between 60 and 70 years old and all patients older than 70. Concerning LV pressure estimation at rest, differences in volume loading states between patients could not be excluded and E/E 0 at exercise was not available in our study.
Conclusion
Pulmonary artery systolic pressure at peak exercise can reach values 60 mmHg in many healthy individuals older than 60. Therefore, the cut-off value of 60 mmHg at peak exercise to recommend intervention in mitral valve disease is questionable. In our opinion, high levels of PASP 60 mmHg for low level of exercise should be considered abnormal. Further studies in mitral valve disease are required to determine the abnormal range of PASP at low level of exercise.
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